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A whole-rock geo chem i cal study was car ried out on sand stones from the Up per Cre ta ceous Bozeº For ma tion in the
southeast ern part of the Apuseni Moun tains (Ro ma nia) in or der to con strain their prov e nance and depositional set ting. The
geo chem i cal re sults were com pared and in te grated with pre vi ously re ported prov e nance in di ca tors, such as frame work
com po si tion and heavy min eral as sem blages. The chem i cal com po si tion is sim i lar for all sam ples in ves ti gated, with lim ited
ranges for both ma jor ox ides and trace el e ments. The sand stones are potassic (Na2O/K2O < 1) and can be clas si fied mainly
as arenites with a few greywackes. Their im ma ture to rel a tively ma ture char ac ter is re vealed by the SiO2/Al2O3 ra tios, rang ing 
be tween 3.90 and 11.25, as well as their high Sr/Rb ra tios. The source rocks were af fected by weak to mod er ate chem i cal al -
ter ation, as in di cated by the spe cific in dex (CIA), with val ues be tween 47 and 71. The de tri tal ma te rial was in flu enced by a lit -
tle hy drau lic sort ing dur ing trans por ta tion, while post-depositional ef fects were lim ited to K-metasomatism. Two ma jor
po ten tial source types were iden ti fied based on the chem i cal com po si tion of the sam ples stud ied: a fel sic mag matic arc and
a re cy cled, quartzose metasedimentary base ment. Our data in di cate that the depositional set ting is likely to be on a con ver -
gent mar gin. The re sults are con sis tent with up lifted and ex humed Transylvanian base ment as the ma jor source area.
Key words: geo chem is try, prov e nance, Up per Cre ta ceous, Bozeº flysch, Apuseni Moun tains.
INTRODUCTION
As ma te rial eroded from ac tive tec tonic re gions and sub se -
quently stored in ad ja cent bas ins, sed i ments are typ i cally an ar -
chive of the geo log i cal his tory of an area from both tec tonic and
geodynamic points of view. The min er al og i cal and geo chem i cal 
com po si tion of sed i men tary rocks re flects the char ac ter is tics of
their source ar eas, as well as the pro cesses that af fected the
de tri tal ma te rial dur ing trans port and de po si tion, through weath -
er ing, sort ing, re cy cling and diagenesis (Bhatia, 1983). Many
an a lyt i cal ap proaches, e.g. based on modal dis tri bu tion of de tri -
tal grains, heavy min eral as sem blages, bulk rock geo chem i cal
com po si tion or min eral geo chem is try are ap plied in prov e nance 
stud ies, each one with its own ad van tages and dis ad van tages
(e.g., von Eynatten and Gaupp, 1999; Weltje and von Eynatten, 
2004). Among these, ma jor and trace el e ment whole-rock anal -
y sis is widely ap plied to re con struct the geodynamic set ting of
sed i men tary bas ins, as each plate tec tonic con fig u ra tion re sults 
in di verse tectono-mag matic suites with dif fer ent chem i cal char -
ac ter is tics, trans ferred to the sub se quent sed i men tary rocks
(Bhatia, 1983; Roser and Korsch, 1988).
Part of the Alps–Carpathians–Dinarides chain, Apuseni
Mts. is the re sult of col li sion be tween the Tisia and Dacia con ti -
nen tal blocks dur ing the Cre ta ceous, due to the clo sure of the
Transylvanian Ocean (East Vardar Ocean af ter Schmid et al.,
2008), part of the Tethys Ocean (Sãndulescu, 1975). The
Apuseni Moun tains con sist of three ma jor tec tonic units: the
Bihor Unit (Autochthon), the Apusenides (also known as the In -
ter nal Dacides) and the West ern Transylvanides (Sãndulescu,
1984, 1994; Balintoni, 1994, 1997). The Bihor Autochthon rep -
re sents the base ment unit, and it is com posed of meta mor phic
rocks and Variscan gran ites, par tially over lain by a Permo-Me -
so zoic sed i men tary cover. As a re sult of Transylvanian Ocean
subduction, base ment-cover nappes were emplaced dur ing the 
Mid-Cre ta ceous, and con sti tute the West ern Transylvanides
and Apusenides. Fol low ing Mid-Cre ta ceous thrust ing, deep
ma rine sed i men tary de po si tion oc curred, with siliciclastic suc -
ces sions be ing de scribed as Gosau-type de pos its, sim i lar to
the Gosau Group from the East ern Alps (Willingshofer et al.,
1999; Schuller, 2004; Schuller et al., 2009). The Bozeº For ma -
tion and the Gosau-type units from the Apuseni Mts. are in ter -
preted as a post-tec tonic cover of the obducted base -
ment-cover nappes (Sãndulescu, 1984).
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The Up per Cre ta ceous sed i men tary units of the Apuseni
Mts., such as the Bozeº For ma tion, are of a spe cial im por tance
in de ci pher ing the geodynamic his tory of the area, as they are a
key fea ture of the tec ton ics through out the Al -
pine-Carpathian-Pannonian re gion (Willingshofer et al., 1999).
This is the first study in which the whole-rock geo chem i cal com -
po si tion of the Bozeº sand stones is de ter mined and used to
con strain the sed i ment prov e nance, in or der to add new data to
the basinal his tory of an im por tant unit.
GEOLOGICAL BACKGROUND
In the south ern part of the Apuseni Mts., only Ju ras sic and
Lower Cre ta ceous vol ca nic rocks and as so ci ated sed i men tary
de pos its of the West ern Transylvanides and sev eral nappe sys -
tems (Biharia and Codru) be long ing to the Apusenides oc cur,
to gether with other units such as Ju ras sic granitoids, Cre ta -
ceous flyschoid or Gosau-type de pos its, as well as Up per Cre -
ta ceous–Paleogene and Neo gene extensional magmatites
(Balintoni, 1997; Fig. 1).
The Bozeº For ma tion crops out in the south east ern part of
the Apuseni Mts., and is rep re sented by a Santon -
ian–Campanian turbidite-type sed i men tary se quence, con sist -
ing mainly of grey sand stones and silty marls, with microcon -
glomeratic lev els in the up per part and hav ing an es ti mated
thick ness of 3000 m (Dimian and Popa-Dimian, 1964; Tomescu 
et al., 1969; Marincaº and Mânecan, 1971; Marincaº, 1973;
Bãlc et al., 2007, 2012). The Bozeº For ma tion is con sid ered as
a part of the West ern Transylvanides in the Apuseni Mts. (e.g.,
Ghiþulescu and Socolescu, 1941; Bleahu et al., 1981), and its
tec tonic evo lu tion is con nected with the neigh bour ing, much
larger, Transylvanian Ba sin, a post-Ceno manian sed i men tary
ba sin de vel oped on the top of Mid dle Cre ta ceous base ment
nappes (Krézsek and Bally, 2006).
There are few stud ies of the basinal his tory of the Bozeº
unit, and these re fer mainly to the prov e nance. These stud ies
of ten made use of sed i men tary and petrographic ob ser va tions
to or der to iden tify the trans port di rec tion of the de tri tal ma te rial
(e.g., Antonescu et al., 1963; Dimian and Popa-Dimian, 1964),
heavy min er als for un rav el ling the source rock type (Pojar et al., 
2014), or basinal mod el ling based on vitrinite reflectance in or -
der to es tab lish the depositional set ting (Schuller, 2004).
SAMPLES AND ANALYTICAL METHODS
For petrographic and geo chem i cal in ves ti ga tions, twenty
sam ples of fine- to me dium-grained sand stones, con sid ered as
rep re sen ta tive, were col lected from var i ous ex po sures along
the nu mer ous val leys which cut the Bozeº For ma tion (Fig. 2).
Petrographic in ves ti ga tion was car ried out by means of op ti -
cal mi cros copy on thin sec tions for all twenty sam ples. Of these, 
for thir teen sam ples, frame work pe trog ra phy was per formed
ac cord ing to the Gazzi–Dickinson method (e.g., Dickinson,
1970; Ingersoll et al., 1984). Point-count ing was per formed on
300 grains per sam ple, while the ce ment was ex cluded.
For geo chem i cal in ves ti ga tions, the rock sam ples were
crushed and pul ver ized to pow der in ag ate mor tars. Fif teen
sam ples were ana lysed for ma jor el e ments at the De part ment
of Lithospheric Re search, Uni ver sity of Vi enna, Aus tria, us ing a
Phillips PW 2400 se quen tial X-ray Flu o res cence (XRF) spec -
trom e ter on fu sion glasses with a 1:5 sam ples to lith ium
metaborate flux ra tio. For the same sam ples, trace el e men tal
com po si tions were de ter mined by means of in duc tively cou pled 
plasma-mass spec trom e try (ICP-MS) at the Uni ver sity of South 
Florida’s Cen ter for Geo chem i cal Anal y sis, Tampa, USA. Sam -
ple prep a ra tion was based on the lith ium metaborate fluxed fu -
sion pro ce dure of Kelley et al. (2003). An ad di tional five sam -
ples were ana lysed at ACME An a lyt i cal Lab o ra to ries Ltd., Van -
cou ver, Can ada, us ing X-ray flu o res cence and ICP-MS, re -
spec tively, fol low ing a lith ium metaborate-tetraborate fu sion.
Ac cu racy for all de ter mi na tions is 1% for ma jor el e ments and
within 3–5% for most of the trace el e ments.
PETROGRAPHIC RESULTS
PETROGRAPHIC COMPONENTS
The sam ples stud ied are clast-sup ported, poorly-sorted,
mas sive sand stones, with car bon ate ce ment. The main min er -
als in clude quartz, feld spars and micas, with ac ces sory phases
such as zir con, gar net, and iron ox ides and hy drox ide. A con -
sis tent quan tity of lithic frag ments is also pres ent. The clasts
are likely sourced from prov e nance ar eas out side the
depositional ba sin. Based on petrographic ob ser va tions, the
Bozeº sam ples stud ied can be clas si fied as lithic arenites.
De tri tal quartz oc curs in all sam ples as subrounded to an -
gu lar, colour less monocrystalline grains, with ei ther un du la tory
or non-un du la tory ex tinc tion. Very rare chert frag ments were
ob served. Feld spars are quan ti ta tively sub or di nate to quartz,
the grains be ing of ten slightly rounded and quite fresh, with only 
a few signs of al ter ation (mainly sericitisation). They are rep re -
sented by plagioclase, with good polysynthetic twinning, and
K-feld spar, mainly as microcline. Min er als from the mica group
in clude laths of bi o tite and mus co vite, char ac ter is tic for all sam -
ples, but a few grains of re worked glauconite were iden ti fied in
some of the sam ples stud ied. Bi o tite is more abun dant than
white mica in most of the sam ples.
Lithic clasts are dom i nated by frag ments of meta mor phic
and vol ca nic rocks, sed i men tary rocks be ing scarce. Meta mor -
phic rocks are the ma jor lithic con stit u ents of the sam ples, and
are rep re sented mainly by quartz ite, to gether with a few gneiss
or ex tremely rare micaschist frag ments. Vol ca nic frag ments are 
the ma jor lithics only in a few sam ples, and con sist of micro -
phenocrysts, mainly of feld spar, within a fine-grained or glassy
groundmass. Sed i men tary rock frag ments are scarce, and ob -
served only in coarse-grained sam ples; they in clude sand stone
grains and a very few siltstone frag ments.
Bioclastic de tri tus con sists ex clu sively of skel e tal grains.
Eas ily rec og niz able, subangular to subrounded bioclasts ap -
pear fre quently, and in clude frag ments of small plank tonic and
ben thic foraminifers, red al gae, radiolaria, and rare bi valves.
Ce ment is formed by micrite and sparry cal cite, and con sti tutes
be tween 15 and 30% of all sam ples.
MODAL COMPOSITION
The frame work min er al ogy was iden ti fied by count ing pa -
ram e ters such as monocrystalline quartz (Qm), polycrystalline
quartz (Qp, in clud ing the quartz ite frag ments and the oc ca -
sional chert frag ments), to tal feld spars (F), all micas (M), vol ca -
nic lithics (Lv), sed i men tary lithics (Ls) and meta mor phic lithics
(Lm, in clud ing the rare gneiss and micaschist frag ments, but
not the quartz ite), opaque min er als (O), and other phases
(Misc). Ce ment was not counted. The cal cu lated pa ram e ters
were Q as to tal quartz (Q = Qm + Qp), L as the sume of lithics
(L = Lv + Ls + Lm) and Lt as to tal lithics (Lt = L + Qp). Raw data
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ex pressed as per cent age and cal cu lated frame work pa ram e -
ters are listed in Ap pen dix 1*. The Bozeº sand stones are dom i -
nated by frame work quartz (40–56.67%), while the lithics
(12.67–24%) and feld spars (11.76–17%) are sub or di nate, but
in al most equal quan ti ties. Monocrystalline quartz (25–37.33%)
dom i nates over polycrystalline quartz (12.33–21.67%). The rel -
a tively large amount of quartz com pared to the other un sta ble
com po nents, such as feld spars or lithics (up to two times
higher) in di cates that the Bozeº sand stones reached some de -
gree of compositional ma tu rity.
The two frame work com po si tion prov e nance di a grams of
Dickinson (Dickinson and Suczek, 1979; Dickinson, 1985) and
re vised by Weltje (2006) were ap plied to the Bozeº unit, us ing
also data from the lit er a ture (Antonescu et al., 1963;
Suciu-Krausz et al., 2006). None of the cited stud ies pro vides
the raw data, there fore the re sults they pro vide were used for
dif fer ent di a grams: QFL (quartz–feld spars–lithics) for data from
Suciu-Krausz et al. (2006), while for those of Antonescu et al.
(1963), which in cluded the quartz ite frag ments within the
counted quartz, QmFLt (monocrystalline quartz–feldpars–to tal
lithics) was in volved. Based on both, our own data and those
from the lit er a ture, the Bozeº sed i men tary sam ples show a
wide spread through out the fields of ac tive mag matic
(undissected, tran si tional and dis sected) arcs, as well as within
the re cy cled orogen field (Fig. 3). Con sid er ing only the re-eval u -
ated fields af ter Weltje (2006), the Bozeº sam ples are more typ -
i cal of a re cy cled orogen prov e nance, with only a few sed i men -
tary sam ples dis play ing a mag matic arc sig na ture.
WHOLE-ROCK GEOCHEMICAL RESULTS
Ma jor and trace el e men tal com po si tion of all sam ples in ves ti -
gated from the Bozeº For ma tion is shown in Ap pen dix 2. The
sed i men tary rocks are char ac ter ized by a rel a tively wide SiO2
con tent (53.39–79.82 wt.%, av er age 64.92 wt.%), and rather lim -
ited MgO (0.82–2.24 wt.%, av er age 1.34 wt.%). They are pre -
dom i nantly potassic (Na2O/K2O < 1), with low con tents of Na2O
(0.81–2.08 wt.%, av er age 1.43 wt.%) and K2O (1.36–2.49 wt.%,
av er age 1.84 wt.%), re spec tively. The compositional ranges of
the re main ing ma jor el e ments are Fe2O3 (1.60–5.55 wt.%), MnO
(0.03–0.25 wt.%), CaO (1.21–19.16 wt.%), TiO2
(0.27–0.74 wt.%) and P2O5 (0.05–0.17 wt.%).
Re flect ing the ra tio of quartz to clay and feld spar min er als,
and there fore in di cat ing the ma tu rity of the sed i men tary rock,
the SiO2/Al2O3 val ues of Bozeº sand stones are be tween 3.90
and 11.25. The K2O/Na2O ra tio, which is a proxy for the ef fects
of prov e nance and diagenesis, and in di cat ing the quan tity of
K-feld spar and mica ver sus al bite-rich plagioclase, has val ues
be tween 0.76 and 2.62 for the Bozeº siliciclastic rocks. The di a -
gram of Pettijohn et al. (1972), which makes use of SiO2/Al2O3
and Na2O/K2O log a rith mic ra tios to dis tin guish be tween dif fer -
ent types of sed i ment lithologies, clas si fies the Bozeº rocks
mainly as litharenites, with a few greywackes (Fig. 4A), in ac -
cor dance with the petrographic ob ser va tions.
The Bozeº siliciclastic rocks are char ac ter ized by a lim ited
range of trace el e ment con tents with few ex cep tions such as
Cr = 23.95–196.40 ppm and Ni = 8.87–2827.99 ppm (Ap pen -
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Fig. 2. Location of the samples studied within the Bozeê Formation (modified after Pojar et al., 2014)
* Supplementary data associated with this article can be found, in the online version, at doi: 10.7306/gq.1306
dix 2). The trace el e ment val ues are in most cases al most sim i -
lar to those of the av er age up per con ti nen tal crust (UCC; Tay lor 
and McLennan, 1985; Fig. 5A), with de ple tion in Nb and Ta con -
tent rel a tive to UCC val ues, which is a fea ture of sed i ments de -
rived from con ti nen tal sources (Wil liams et al., 2009).
A rel a tively uni form dis tri bu tion of REE in de tri tal rocks is in -
ter preted as a re sult of ho mog e ni za tion dur ing sed i men tary
pro cesses. REE are gen er ally con sid ered to be im mo bile, with
only mi nor changes dur ing sed i men ta tion pro cesses (Tay lor
and Mclennan, 1985). The Bozeº sand stones show very lit tle
vari a tion of ΣREE, be tween 60 and 143 ppm, lower or equal to
UCC value (~143; Tay lor and McLennan, 1985). On a
chondrite-nor mal ized REE di a gram (McDonough and Sun,
1995), the sam ples show sim i lar frac tion ation pat terns, re sem -
bling the av er age Post-Archean Aus tra lian Shale (PAAS) com -
pos ite, which rep re sents the post-Archean up per con ti nen tal
crust (Tay lor and McLennan, 1985; Fig. 5B). All sam ples are
en riched in light rare earth el e ments (LREE), with La to Pr con -
tents av er ag ing al most 100 times those of chondrite. The heavy 
rare earth el e ments (HREE) are not as en riched as LREE, but
are still up to 10 times chondrite val ues. The Eu anom aly is usu -
ally in ter preted in sed i men tary rocks as be ing in her ited from ig -
ne ous source rocks (McLennan and Tay lor, 1991; Tay lor and
McLennan, 1985), and the Bozeº sand stones ana lysed are
char ac ter ized by a weak neg a tive Eu anom aly, with val ues from 
0.66 to 0.80 (Ap pen dix 2).
750 Luminiþa Zaharia, Ramona Bãlc, Cosmin C. Stremþan and Adriana Socaciu
Fig. 3. QFL (quartz–feldspars–lithics) and QmFLt (monocrystalline quartz–feldspars–total lithics) provenance diagrams (after
Dickinson, 1985) for the Bozeê sediments, including data from Antonescu et al. (1963) and Suciu-Krausz et al. (2006)
Dotted lines mark the re-evaluated provenance fields after Weltje (2006): A – continental block provenance, B – magmatic arc
provenance and C – recycled orogen provenance
Fig. 4A – classification diagram based on major elements for the Bozeê sedimentary rocks (after Pettijohn et al.,
1972); B – discrimination diagram for post-depositional alteration processes which affected the Bozeê siliciclastic
rocks (after Long et al., 2008)
INTERPRETATION OF GEOCHEMICAL DATA
The geo chem i cal sig na tures of sed i men tary rocks can be
se verely in flu enced by surficial al ter ation of the source rocks
and by cli ma tic and weath er ing con di tions dur ing the trans port
and de po si tion of the eroded ma te rial, as well as by
post-depositional pro cesses (McLennan et al., 1993). There -
fore, it is im por tant to eval u ate the pos si ble in flu ence of fac tors
such as al ter ation, sort ing or diagenesis in or der to use the geo -
chem i cal data for in ter pret ing the prov e nance and depositional
set ting of the Bozeº sand stones.
SOURCE AREA WEATHERING AND SEDIMENT MATURITY
Chem i cal weath er ing of the source rocks has a large in flu -
ence on the ma jor el e ment geo chem is try of the re sult ing
siliciclastic ma te rial (Nesbitt and Young, 1982, 1984; McLen nan 
et al., 1993; Fedo et al., 1995). To quan ti ta tively eval u ate the
de gree of chem i cal weath er ing and al ter ation, the chem i cal in -
dex of al ter ation (CIA; Nesbitt and Young, 1982; Fedo et al.,
1995) and chem i cal in dex of weath er ing (CIW; Harnois, 1988)
are com monly ap plied. These are cal cu lated us ing the mo lar
pro por tions: CIA = [Al2O3/(Al2O3 + CaO* + Na2O + K2O)] · 100
and CIW = [Al2O3/(Al2O3 + CaO* + Na2O)] · 100, where CaO*
rep re sents the CaO in the sil i cate frac tion only, cal cu lated ac -
cord ing to the meth ods of McLennan (1993) and Fedo et al.
(1995). High CIA and CIW val ues (over 80) are con sid ered to
be the re sult of the re moval of la bile cat ions (such as Ca2+, Na+,
K+) and en rich ment in the sta ble re sid ual el e ments (such as
Al3+, Ti4+) dur ing weath er ing and al ter ation; con versely, low CIA
and CIW val ues (up to 50) are char ac ter is tic of lit tle or no chem -
i cal al ter ation (Nesbitt and Young, 1982, 1984; Harnois, 1988;
Fedo et al., 1995). The CIA val ues of the Up per Cre ta ceous
Bozeº sand stones range from 47 to 71 (mean 60; Ap pen dix 2),
in di cat ing low to mainly mod er ate de grees of al ter ation in the
source ar eas. The CIW-in dex of the Bozeº sed i men tary rocks
ranges from 53 to 82 (mean 68; Ap pen dix 2), also sug gest ing a
mod er ate to high de gree of weath er ing.
As CIA and CIW in dex val ues may re sult in mis lead ing con -
clu sions for sam ples with highly vari able CaO con tents, Cullers
(2000) pro posed a mod i fied in dex which ex cludes the CaO con -
tent: CIW’ =  [Al2O3/(Al2O3 + CaO* + Na2O)] · 100. For the
Bozeº sand stone sam ples, the CIW’ in dex has val ues be tween
69 and 90 (mean 80), which can be in ter preted as in di cat ing a
mod er ate to high weath er ing de gree of the source rocks (Ap -
pen dix 2), in agree ment with the pre vi ously dis cussed chem i cal
in di ces.
Be ing sen si tive to weath er ing pro cesses, the SiO2/Al2O3 ra -
tio is a sig nif i cant pa ram e ter in di cat ing the ma tu rity of sed i men -
tary rocks (Roser and Korsch, 1986; Roser et al., 1996). Av er -
age SiO2/Al2O3 val ues in un al tered ig ne ous rocks range from
~3.0 (ba sic) to ~5.0 (acidic), while val ues >5.0 in sed i ments are
an in di ca tion of pro gres sive ma tu rity (Roser et al., 1996). This
ra tio in creases as quartz sur vives pref er en tially rel a tive to feld -
spars and lithic frag ments. The SiO2/Al2O3 val ues of Bozeê
sand stones are be tween 3.90 and 11.25, in di cat ing a low to
mod er ate sed i ment ma tu rity, as shown also by the rel a tively
large quan tity of feld spar and lithics. The high Sr/Rb ra tios
(1.27–6.84), all above unity, in di cate that Sr-rich feld spars in the 
orig i nal sed i ment had un der gone lit tle trans for ma tion into (nor -
mally Rb-rich) clay min er als, a fea ture of rel a tively im ma ture
and ill-sorted sed i ments (Winchester et al., 2003).
EFFECTS OF HYDRAULIC SORTING ON CHEMICAL COMPOSITION
Dur ing sed i ment trans port and de po si tion, hy drau lic sort ing
can cause en rich ment in weath er ing-re sis tant min er als, such
as zir con, monazite, ti tan ite, gar net or ap a tite (Nesbitt and
Young, 1996). As these min er als are the main hosts for some
trace and rare earth el e ments, their pref er en tial ac cu mu la tion
may re sult in ir reg u lar chem i cal vari a tion of such chem i cal el e -
ments (e.g., Zr, Y, Nb, Ta, Gd, Yb; McLennan et al.,1990). The
abun dances of P2O5, Y, Nb or Ta are rel a tively con stant for the
Bozeº sand stones, and a heavy min eral ac cu mu la tion is ex -
cluded by their cor re la tion in di ces with SiO2, which are very low
in all cases (be tween 0.02 and 0.3).
The GdN/YbN ra tio ranges be tween 1.0 and 2.0 in most up -
per crustal ig ne ous rocks and post-Archean sed i men tary de -
pos its, while only slight en rich ment in monazite in sed i ments
will re sult in a high in crease of this ra tio (up to 3.0 or more,
McLennan et al., 1993). The Bozeº sed i men tary sam ples pos -
sess rel a tively low GdN/YbN ra tios (1.11–1.62; Ap pen dix 2) in
the range of up per crustal rocks, which points to no en rich ment
in monazite.
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Fig. 5A – up per con ti nen tal crust (UCC; af ter Tay lor and
McLennan, 1985) – nor mal ized multi-el e ment spi der di a gram
for the Bozeê sed i men tary rocks (as compositional range), the
most no ta ble out lier sam ples in the case of the Ni con tent are
shown; B – chondrite-nor mal ized REE (McDonough and Sun,
1995) pat terns for the Bozeê sed i men tary rocks (as
compositional range), the com po si tion of av er age
Post-Archean Aus tra lian Shale (PAAS; af ter McLennan, 1989) is 
shown for com par i son
The Zr con tent (103–322 ppm), for some sam ples higher
than PAAS (210 ppm, McLennan et al., 1983) or UCC
(190 ppm, Tay lor and McLennan, 1985) val ues, might in di cate
some zir con ad di tion, which may cause en rich ment in Th and
HREEs too (Cullers et al., 1987). There is a rel a tively weak cor -
re la tion for Zr ver sus Th (r = 0.49) and Zr ver sus ΣHREEs
(r = 0.57) for the Bozeê sam ples, at test ing that zir con has a lit tle
in flu ence over the abun dances of these el e ments, but a pos i -
tive and high cor re la tion co ef fi cient (r = 0.91) for Zr and Hf, due
to their sim i lar be hav ior. How ever, due to the re sis tance of zir -
con to chem i cal weath er ing and ero sion, Zr en rich ment may oc -
cur not only be cause of hy drau lic sort ing, but also through re cy -
cling pro cesses of an old sed i men tary source, pos si bly meta -
mor phosed (McLennan et al., 1993).
There fore, it can be in ter fered that heavy min eral ac cu mu la -
tion is not sig nif i cant in the case of the Bozeº sam ples. This is
also sup ported by the rel a tively short dis tance of de tri tus trans -
por ta tion as in ferred by the pres ence of an gu lar to subangular
lithic and quartz grains, as well as by the rel a tively high quan tity
of feld spar.
EFFECTS OF DIAGENESIS ON CHEMICAL COMPOSITION
Post-depositional al ter ation can dras ti cally al ter the geo -
chem is try of sed i men tary rocks. Among the most im por tant
diagenetic pro cesses to eval u ate are sili ci fi ca tion and
K-metasomatism (Fedo et al., 1995), which might re sult from hy -
dro ther mal metasomatism or syndepositional in ter ac tion with
sea wa ter at low tem per a tures (Van Kranendonk, 2006, and ref -
er ences therein). Such post-depositional pro cesses could cause
leach ing of Ca, Mg and Na, and en rich ment in Si and K (Cullers
et al., 1993). Mi nor post-depositional sili ci fi ca tion and some de -
gree of K-metasomatism are re vealed by the K2O/Na2O and
SiO2/Al2O3 ra tios of the Bozeº de pos its (Fig. 4B).
Re dis tri bu tion of al ka lis dur ing diagenesis can be eval u ated
also us ing the A-CN-K [Al2O3-(CaO*+Na2O)-K2O] and
A-CNK-FM [Al2O3-(CaO*+Na2O+K2O)-(FeO*+MgO)] tri an gu lar 
di a grams af ter Nesbitt and Young (1989) and Camiré et al.
(1993), where CaO* rep re sents the cal cium ox ide ac com mo -
dated only in sil i cates and FeO* the to tal iron ox ide con tent. In
the A-CN-K di a gram the Bozeê sand stones de fine a trend
which is not par al lel to the CN-K line (Fig. 6), im ply ing that
K-metasomatism may have been a fac tor in af fect ing the com -
po si tion of the sed i men tary rocks (McLennan et al., 1993; Fedo
et al., 1997). In the A-CNK-FM di a gram (Fig. 7), no clear trend
can be ob served, all sam ples be ing po si tioned close to the ig -
ne ous rocks line, though around the trend to wards an ideal illite
and mus co vite com po si tion, which points to the same
K-metasomatism. K-ad di tion dur ing de po si tion and diagenesis
is also sup ported by the pres ence of rare glauconite grains.
SOURCE ROCK COMPOSITION AND MATERIAL RECYCLING
Geo chem i cal pa ram e ters, in clud ing ma jor el e ments as well
as se lected trace el e ments, have been widely used to dis crim i -
nate the source com po si tion for de tri tal sed i men tary rocks
(Bhatia, 1983; Roser and Korsch, 1985, 1986, 1988; Bhatia and 
Crook, 1986). How ever, dis crim i na tion di a grams based on the
abun dance of some el e ments, such as Na or K, must be treated 
with cau tion, be cause of their high mo bil ity dur ing depositional
pro cesses (e.g., Wronkiewicz and Condie, 1987; McLennan et
al., 1993, 2003). In con trast, the abun dance of some el e ments,
752 Luminiþa Zaharia, Ramona Bãlc, Cosmin C. Stremþan and Adriana Socaciu
Fig. 6. A-CN-K (CIA) ternary diagram (mol %) showing
composition of the Bozeê sediments 
(after Nesbitt and Young, 1982)
Data for tonalite, granodiorite, gran ite are from Condie (1993); av er -
age up per crust (UC) is from Tay lor and McLennan (1985);
Post-Archean Aus tra lian Shale (PAAS) data is af ter McLennan
(1989); Bi – bi o tite, Chl – chlorite, Cpx – clinopyroxene, Gbs –
gibbsite, Hbl – hornblende, ill – illite, Kfs – K-feld spar, Kln –
kaolinite, Ms – mus co vite, Pl – plagioclase, Sm – smectite
Fig. 7. A-CNK-FM ternary diagram (mol %) showing
composition of the Bozeê sediments 
(after Nesbitt and Young, 1982)
Com po si tions of av er age Archean up per crust (AAUC) and av er age
up per crust (UC), re spec tively, are af ter Tay lor and McLennan
(1985); trends are shown for ide al ized weath er ing of (a) bas alts, (b)
AAUC, (c) granodiorites and gran ites, as well as (d)
K-metasomatism and (e) Mg-metasomatism trends; other ex pla na -
tions as in Fig ure 6
such as REEs, Hf, Ti, Cr, Co, Zr, Nb, Y, Th and Sc, is pre served
in sed i men tary rocks through weath er ing pro cesses, be cause
of their rel a tive im mo bil ity (Tay lor and McLennan, 1985). In the
case of Bozeê siliciclastic rocks, our data sup port the as ser tion
that mod er ate to se vere chem i cal weath er ing prior to sed i men -
ta tion re sulted in at least mod er ately ma ture rocks, later af -
fected by diagenesis pro cesses, thus ma jor ox ides and rel a -
tively mo bile el e ments are not fur ther con sid ered as dis crim i -
nat ing fac tors for de ter min ing the prov e nance and dis cuss ing
the tec tonic set ting of these sed i men tary rocks.
Lithic clasts are among the best prox ies for iden ti fy ing the
com po si tion of the de tri tal sources. For the Bozeê sed i men tary
rocks, meta mor phic and vol ca nic rocks are po ten tial source
rocks. More pre cisely, the meta mor phic source is likely rep re -
sented by a metasedimentary unit, as re vealed by the con sis -
tent quan tity of quartz ite clasts, to gether with the few micaschist 
and gneiss frag ments.
These two types of de tri tal sources are fur ther sup ported by
the trace el e ment geo chem is try. An arc with a dom i nantly fel sic
com po si tion has a La/Th ra tio that is rather low (<5) and uni -
form, while its Hf con tent var ies be tween 3 and 7 ppm. Pro gres -
sive unroofing of the arc and/or in cor po ra tion of sed i men tary
base ment rocks will in crease the Hf con tent due to the re lease
of zir con (Floyd and Leveridge, 1987). The Bozeº sand stones
have La/Th ra tios of 2.2 to 3.8 (Ap pen dix 2), re veal ing the in flu -
ence of a mag matic arc sit u ated in close vi cin ity. A La/Th ver sus 
Hf plot can pro vide in for ma tion re gard ing the de gree of re cy -
cling and the prov e nance of the sand stones (Floyd and
Leveridge, 1987; Floyd et al., 1991; Fig. 8A). The com po si tion
of the Bozeº sed i men tary rocks sug gests a high con tri bu tion
from a fel sic arc source, with some zir con in put, which might re -
sult through ero sion of a (meta)sed i men tary unit.
Re cy cling of the sed i ments can be eval u ated us ing el e -
ments such as Th, Sc and Zr (McLennan et al., 1993), as Th/Sc
ra tio is very sen si tive to compositional vari a tions as so ci ated
with the prov e nance area (McLennan et al., 1990), while the
Zr/Sc ra tio can mon i tor sed i men tary re cy cling pro cesses, due
to the re sis tance of zir con to chem i cal weath er ing and ero sion.
A sim ple pos i tive cor re la tion be tween these two ra tios is char -
ac ter is tic of first-cy cle sed i ments, while for re cy cled sed i ments
the Zr/Sc ra tio var ies con sid er ably in con trast to a smaller vari a -
tion of the Th/Sc ra tio (McLennan et al., 1993). On the Th/Sc
ver sus Zr/Sc plot (McLennan et al., 1993; Fig. 8B), the Bozeº
sand stones form a tight clus ter close to the compositional trend
from man tle to up per con ti nen tal crust, but very close to and
dis play ing a ten dency to wards the sed i ment re cy cling trend.
This may in di cates that, in the case of the Bozeê siliciclastic
rocks, the prov e nance was not con trolled ex clu sively by the
source com po si tion, and, aside from the first cy cle sed i ments
pro vided through ero sion of a con ti nen tal crustal source, de tri tal 
ma te rial re sult ing from ero sion of an old (meta)sed i men tary
source is im plied.
Tho rium is in com pat i ble dur ing mag matic crystallisation
(Tay lor and McLennan, 1985), con cen trat ing in late-formed
phases in ig ne ous rocks, while scan dium is com pat i ble and is
found dis sem i nated in mafic min er als. Fedo et al. (1997) have
shown that the sort ing pro cess does not af fect Th/Sc ra tios.
There fore, Th/Sc ra tio has been widely used to as sess the com -
po si tion of the sed i ment sup plier. In the case of the Bozeº sed i -
men tary rocks, Th/Sc ra tio var ies be tween 0.31 and 1.12 (Ap -
pen dix 2), but is gen er ally less than one (with only two ex cep -
tions) in di cat ing pos si ble con tri bu tion from a mafic source
(McLennan et al., 1993).
Chro mium is a very use ful trace el e ment in iden ti fy ing ac -
ces sory de tri tal min er als (e.g., chro mite), which are mainly
hosted by mafic and ultra mafic sources, such as ophiolites. The 
Cr con tent of the Bozeê sam ples var ies be tween 23.95 and
196.4 ppm, in some cases ex ceed ing the av er age Cr con tent of 
the up per con ti nen tal crust (83 ppm, McLennan, 2001). Such
en rich ment in Cr may sug gest some in put of mafic and ultra -
mafic ma te ri als from the source area. How ever, mafic sources
would also cause en rich ment of Ni and V, but, with very few ex -
cep tions (three sam ples for Ni and one for V), the Bozeê sed i -
ments have val ues be low those of the UCC (44 ppm for Ni and
107 ppm for V; McLennan, 2001). From the out li ers, only one
sam ple (1-VIN; 196.36 ppm for Cr, 122.55 ppm for V and
57.82 ppm for Ni) shows en rich ment in all three ferro mag nesi an 
trace el e ments Cr, Ni and V, as com pared to UCC val ues, and
may have some true mafic com po nents. For the other two, their
ex tremely high Ni con tent (of 245.29 and 2827.99 ppm) is not
cor re lated with equiv a lent high Cr or V amounts. As the min er -
al og i cal con tent of the sam ples (in clud ing the heavy min eral as -
sem blage, Pojar et al., 2014) do not re veal any par tic u lar fea -
ture, no plau si ble ex pla na tion for such ex treme Ni val ues has
been found up to now.
The trace el e ment geo chem i cal con tent of the Bozeê sand -
stones, com bined with the type and abun dances of lithic clasts,
is in dic a tive of der i va tion by ero sion and weath er ing of a vol ca -
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Fig. 8. Diagrams for discriminating the source and intra-basin
sediment recycling of the Bozeê sedimentary rocks (A) after
Floyd and Leveridge (1987), (B) after McLennan et al. (1993)
nic arc, with some con tri bu tions through re cy cling of an ex ist ing
quartzose metasedimentary source. Very small in puts from a
mafic-ultra mafic source are pos si ble.
IMPLICATION FOR TECTONIC SETTING OF DEPOSITION
Be sides con strain ing source rocks, geo chem i cal pa ram e -
ters have been ap plied to es tab lish ing the tec tonic set ting of de -
tri tal sed i men tary rocks (Bhatia, 1983; Roser and Korsch, 1985, 
1986, 1988; Bhatia and Crook, 1986). How ever, as men tioned,
cer tain el e ments (e.g., Na, K) are highly mo bile dur ing
depositional pro cesses, and thus they have to be avoided in
dis crim i nat ing the tec tonic set ting of de po si tion, cer tain trace el -
e ments con sid ered as rel a tively im mo bile be ing fa voured in -
stead (Tay lor and McLennan, 1985). Based on trace el e ments
con sid ered as rel a tively im mo bile, dis crim i na tion di a grams
were es tab lished us ing ac tual depositional set tings, and show
some lim i ta tions when ap plied to an cient sed i men tary rocks
(Ryan and Wil liams, 2007), ir re spec tive of the el e ments em -
ployed. Also, spe cific tec tonic set tings do not nec es sar ily pro -
duce rocks with unique geo chem i cal sig na tures (Bahlburg,
1998). There fore, when as sess ing the tec tonic set ting, cau tion
is needed.
Var i ous tec tonic dis crim i na tion di a grams based on trace el e -
ments were de vel oped by Bhatia and Crook (1986), al low ing
clear dif fer en ti a tion among the four tec tonic set tings con sid ered
to be the most com mon sites of greywacke de po si tion: oce anic
is land arc, con ti nen tal is land arc, ac tive con ti nen tal mar gin and
pas sive mar gin. The Bozeº sam ples are clearly grouped in the
con ti nen tal is land arc field in the ter nary di a grams La-Th-Sc or
Th-Co-Zr/10 (Fig. 9) of Bhatia and Crook (1986). Thus, de po si -
tion of the Bozeº sand stones most prob a bly took place on a con -
ver gent mar gin in a con ti nen tal vol ca nic arc set ting. This in cludes 
sed i men tary bas ins lo cated in the api cal inter-arc, back-arc and
fore-arc en vi ron ments of vol ca nic arcs de vel oped over thin con ti -
nen tal crust, as de fined by Bhatia and Crook (1986).
COMPARISON AND INTEGRATION 
WITH OTHER PROVENANCE INDICATORS
Ac cord ing to the whole-rock geo chem i cal data, the sed i -
men tary ma te rial of the Bozeº ba sin was pro vided mainly
through ero sion of sources with in ter me di ate-fel sic com po si -
tion, a metasedimentary base ment and a vol ca nic arc. Dur ing
trans port, the ma te rial was weakly sorted, but some what al -
tered, the sed i men tary ma te rial stud ied be ing gen er ally mod er -
ately ma ture. This sug gests a short trans port dis tance from the
eroded sources. De po si tion took place on a con ver gent mar gin.
But re con struct ing the prov e nance of any sed i men tary de -
posit re quires an in te grated ap proach of sev eral an a lyt i cal tech -
niques (e.g., Weltje and von Eynatten, 2004). Thus, the prov e -
nance re sults based on geo chem i cal com po si tions have to be
com pared and, if pos si ble, in te grated with pre vi ous in ter pre ta -
tions, e.g. heavy min er als or rock frame work com po si tion.
PROVENANCE COMPONENTS FOR BOZE SEDIMENTARY ROCKS
Heavy min eral as sem blages as prov e nance in di ca tors have 
al ready been used in con strain ing the rock types and tec tonic
units which acted as po ten tial sources for the Bozeº sed i ments. 
Ac cord ing to Pojar et al. (2014), the spec tra of heavy min er als
are dom i nated by gar net (20.7 and 84.7% from the heav ies)
which, to gether with a lower quan tity of epidote (up to 11.2%)
and scarce staurolite, rep re sent be tween 35 and 90% of the
heavy phases, and point to wards a unit meta mor phosed up to
am phi bo lite fa cies as the main source. The large quan tity of
rounded zir con pro vided ad di tional sup port for a ma ture, re cy -
cled sed i men tary source, pos si ble the same meta mor phic unit,
while euhedral crys tals of zir con, of which some are very elon -
gated ones, are spe cific for mag matic de pos its (Pojar et al.,
2014). The heavy min eral spec tra re veal a much more con sis -
tent con tri bu tion from a meta mor phic source, most prob a bly a
metasedimentary unit as con strained by geo chem i cal and
petrographic in ves ti ga tions, com pared with in put from a mag -
matic arc.
The QFL and QmFLt di a grams may con tra dict the prov e -
nance in ter pre ta tion based on geo chem i cal con tents, as dis -
cussed by Weltje (2006) and re ported in other stud ies (e.g.,
Mader and Neubauer, 2004; Kutterolf et al., 2008). For the
Bozeê unit, the prov e nance in ter pre ta tion based on frame work
rock com po si tion fol lows the geo chem i cal prov e nance con -
straints as re gards the two types of clastic sup pli ers, i.e. a ma -
ture, re cy cled sed i men tary source and a fel sic, mag matic arc
(Fig. 3). How ever, ac cord ing to the modal com po si tion, quan ti -
ta tively, the old sed i men tary unit seems to have a larger de tri tal
con tri bu tion than the mag matic arc.
The re sults of the an a lyt i cal tech niques em ployed for the
Bozeê siliciclastic rocks, i.e. whole-rock geo chem is try, modal
dis tri bu tion and heavy min er als spec tra, from both this study
and the lit er a ture (Antonescu et al., 1963; Suciu-Krausz et al.,
2006), are con sis tent in con strain ing the two ma jor types of de -
tri tal sup pli ers. How ever, there are dif fer ences as re gards the
quan ti ta tive es ti ma tions of dif fer ent source con tri bu tions to the
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Fig. 9. Tectonic setting discrimination diagrams for the Bozeê
sedimentary rocks based on trace elements 
(after Bhatia and Crook, 1986)
A – oceanic island arc, B – continental island arc, C – active
continental margin, D – passive margin
ba sin fill. The frame work min er al ogy and heavy min er als data
sug gest a larger con tri bu tion of the metasedimentary base ment 
than that of the mag matic arc. By con trast, the geo chem i cal
com po si tion fa vours the arc as the ma jor de tri tal pro vider, but
does not ex clude a con sis tent con tri bu tion from the meta mor -
phic unit. Such con tra dic tory re sults are pos si ble when com -
bined meth ods are used (see the dis cus sion of Kutterolf et al.,
2008). No method alone can be con sid ered as the most ac cu -
rate; there fore it is also dif fi cult to de cide which quan ti ta tive
prov e nance is the most prob a ble, at least at the mo ment.
SOURCE AREA AND GEODYNAMIC SETTING OF THE BOZE
SEDIMENTARY BASIN
Based on the iden ti fied ero sional struc tures on the sand stone 
sur faces (such as groove, flute or deltoidal casts), as well as the
pe trog ra phy of the coarser siliciclastic rocks, an E–W dom i nant
trans port di rec tion of the de tri tal ma te rial (in the pres ent-day co -
or di nates) was pro posed by Antonescu et al. (1963) and Dimian
and Popa-Dimian (1964). The first au thors also men tioned a sub -
or di nate W–E di rec tion, a hy poth e sis not sus tained by the later
au thors. How ever, they in ter preted the Bozeº area as the deep -
est part of the geosyncline, which was filled with sed i ments pro -
vided by the nearby Transylvanian hin ter land.
The Transylvanian base ment is a stack of base ment-in -
volved thrust sheets, which were as sem bled by the Mid-Cre ta -
ceous, con sist ing of Pa leo zoic crys tal line units, ophiolites and
is land-arc vol ca nic rocks, and a sed i men tary cover of a Tri as sic
to mid-Cre ta ceous age (Krézsek and Bally, 2006 and ref er -
ences therein). Deep ero sion of crys tal line nappes be yond the
Late Cre ta ceous depositional ar eas, sug gest ing ma jor pre-Late 
Cre ta ceous up lift and ex hu ma tion (Krézsek and Bally, 2006),
was sup ported by fis sion-track stud ies (e.g., Dallmeyer et al.,
1999) and seis mic in ter pre ta tion (Krézsek and Bally, 2006).
The prov e nance in di ca tors are in agree ment with such a tec -
tonic unit, al though the fin ger print of the ophiolitic sources is dif -
fi cult to con strain by heavy min eral con cen trates (Pojar et al.,
2014), as ultra mafic min eral in di ca tors are sen si tive to
diagenetic dis so lu tion. How ever, a mod er ate in put is cor rob o -
rated by the var i ous geo chem i cal prox ies. It might be that the
Cr-bear ing min er als are pres ent as a mi nor con stit u ent in the
very fine frac tion (<60 µm; Zim mer mann and Bahlburg, 2003).
Ba sin mod el ling us ing vitrinite reflectance data on the
Bozeº flysch strata re corded a max i mum thick ness of about
7000 m with very low heat-flow val ues, was in ter preted as in di -
cat ing an ocean trench ba sin set ting for the Bozeº sed i ments
(Schuller, 2004; Schuller et al., 2009). This hy poth e sis is not in
agree ment with the set ting con strained by the geo chem i cal
data, nor was sus tained by other au thors, based on tec tonic ar -
gu ments (e.g., Csontos and Vörös, 2004; Schmid et al., 2008,
Kounov and Schmid, 2013). How ever, the depositional set ting,
as well as the palaeo geo graphi cal po si tion, are still a mat ter of
de bate, and re quire stud ies on a larger re gional scale.
CONCLUSIONS
A whole-rock geo chem i cal in ves ti ga tion of sand stones was
car ried out to con strain the prov e nance and tec tonic set ting of
the Up per Cre ta ceous Bozeº For ma tion. Us ing geo chem i cal
data, it was pos si ble to cat e go rize the sed i men tary rocks as
litharenites and greywackes, the rocks be ing im ma ture to mod -
er ately ma ture. This is due to the weath er ing of source rocks
and to the low de gree of sort ing and al ter ation dur ing trans port,
with only post-depositional K-metasomatism af fect ing the de tri -
tal ma te rial. The prov e nance in ter pre ta tion based on geo chem -
i cal com po si tion was com pared and in te grated with other prov -
e nance in di ca tors, such as the frame work rock com po si tion
and heavy min eral spec tra. Two ma jor source types, a fel sic
mag matic arc and a ma ture, re cy cled metasedimentary base -
ment, were con strained. These source types are con sis tent
with the Transylvanian base ment as the ma jor sup ply area,
which was up lifted, ex humed and in tensely eroded. The
depositional set ting is sug gested to be on a con ver gent mar gin,
in con nec tion with a vol ca nic arc de vel oped over thin con ti nen -
tal crust, al though this hy poth e sis con tra dicts other ideas, and
fur ther stud ies are nec es sary to clar ify this tec tonic ques tion.
The pres ent study re veals the im por tance of ap ply ing sev -
eral an a lyt i cal tech niques to es tab lish the prov e nance of a sed i -
men tary suc ces sion. The var i ous meth ods in volved may give
com ple men tary and/or con tra dic tory re sults, thus of fer ing a
better con trol on the data and in creas ing the ac cu racy of prov e -
nance in ter pre ta tion.
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